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no proofreading activity and are
error-prone [3]. While low-fidelity
polymerases may serve specific
cellular needs [3], most processes
involving DNA synthesis must
occur faithfully to maintain genome
stability. Proofreading in trans is
one possible mechanism to
increase the fidelity of error-prone
polymerases. To date, there is
good evidence that polymerase
d proofreads for polymerase 3 [6]
and polymerase a [9] and
compelling data linking polymerase
d proofreading with polymerase
h [7,15,19]. Other mammalian
30/50 exonucleases could also
function as extrinsic proofreaders
[4]. Specialized DNA polymerases
and exonucleases may play
important tissue-specific roles to
suppress distinct types of
spontaneous or environmentally
induced mutations. An exciting
challenge will be to identify these
roles and the polymerase/
exonuclease partners that are
involved.
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R211Plant GTPases: Regulation of
Morphogenesis by ROPs and ROS
Polarized cell growth in plants is controlled by Rho-like small GTPases
(ROPs), not only through the canonical WAVE/Arp2/3 pathway, but also
through newly defined plant-specific pathways involving the regulated
release of reactive oxygen species (ROS).Joachim F. Uhrig and
Martin Hu¨lskamp
Small GTPases of the Rho family
are universal master regulators,
which have been shown to transmit
signals from outside the cell to
intracellular signalling cascades in
many contexts in both animals
and yeast, potentially affecting
a wide variety of cellular processes.These GTPases cycle between
the active GTP-bound and inactive
GDP-bound form in steps that
are regulated by guanine
nucleotide exchange factors
(GEFs), GTPase-activating
proteins (GAPs) and guanine
nucleotide dissociation inhibitors
(GDIs) [1] (Figure 1).
Plants do not have clear
orthologues of the Rho/Rac/Cdc42GTPases, but they do have
a distinct class of Rho-like proteins
known as Rho-like small GTPases
(ROPs) [2]. The regulators of
ROPs in plants are also markedly
different, with the exception of
three GDI homologs which have
been identified by sequence
similarity and shown to interact with
ROPs [3]. Most ROP-GAPs contain
a distinctive Cdc42/Rac-interactive
binding (CRIB) domain. CRIB
domains are also found in Cdc42/
Rac effectors, where they mediate
binding to the active GTPase.
How ROPs are activated by GEFs
had been unclear until very
recently, as the Arabidopsis
genome does not appear to encode
GEFs of the usual type — with the
characteristic tandem arrangement
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Figure 1. The role of ROPs in plant cell morphogenesis.
The top half of the figure shows the GDP–GTP cycle of ROPs and its regulators. The
bottom half highlights four pathways for regulating local cell growth. Proteins or pro-
tein complexes marked in red are found in both animals and plants; those labelled in
green are plant-specific.of B-cell lymphoma homology (DH)
and pleckstrin homology (PH)
domains — and the plant SPIKE
protein [4], which looks like an
unconventional GEFs with a
Dock-homology region (DHR), has
not been been definitively shown to
have GEF activity. But a plant-
specific family of GEFs, defined by
the presence of a so-called PRONE
domain, has recently been
identified [5] and these proteins
have been shown to control
ROP-dependent polar growth [6].
Rho GTPases in animals, yeast
and plants are important regulators
of local cell growth. In plants, it
has become evident that ROP
dependent cell growth involves not
only the well known WAVE/Arp2/3
pathway, but also newly identified
signal transduction routes via
‘ROP-interactive CRIB motif-
containing’ (RIC) proteins, as well
as signalling cascades that are
used in animals for pathogen
defence but not thought to be
involved in cell morphogenesis
[7,8] (Figure 1).
The WAVE/Arp2/3 pathways of
plants and animals are generally
similar, though significant
differences have been found, as
discussed elsewhere [9]. A plant
homologue of the Rho effector Sra,which is on this pathway, has been
identified, but homologues of other
Rho effectors that directly mediate
cell growth in animals do not
appear to be encoded by the
Arabidopsis genome. Plants seem
to rely instead on RICs, which form
a novel plant-specific family of ROP
effector proteins. Two different
RIC-dependent pathways have
been described so far. RIC3
regulates morphogenesis by
influencing Ca2+ fluxes, while RIC1
and RIC4 coordinate actin and
microtubule organization so that
growing regions accumulate actin
filaments and are devoid of
microtubules [7,10].
In addition to the established
functions of ROP-GTPases in
actin- or microtubule-dependent
morphogenetic processes,
another quite different role in cell
differentiation and cell growth
regulation is emerging. Reactive
oxygen species (ROS), initially
appreciated mainly for their
cytotoxic potential, now are
increasingly recognized as
versatile second messengers for
processes as diverse as pathogen
defence, responses to abiotic
stresses and regulation of cell
elongation [11]. In plants, ROPs are
associated with several signallingpathways leading to the spatially
regulated production of ROS, and
recent results suggest ROPs have
an essentialy function in the
regulation of superoxide-
producing NADPH oxidases [8].
As small GTPases do in animal
phagocytes, ROPs regulate release
of ROS in plant defence responses
[12]. Furthermore, a recent study
of an Arabidopsis mutant with
defective ROP-GDI provided
evidence for ROP regulation of
ROS production in the context
of polarized cell expansion [8],
substantiating earlier evidence
of ROP involvement in root hair
development [13]. While the
molecular mechanisms of
assembly and activation of the
plant NADPH oxidase are not yet
know, two possible ways that ROS
release might lead to local cell
expansion can be envisioned:
release of ROS might cause cell
wall loosening by non-enzymatic
cleavage of cell wall
polysaccharides [14]; alternatively,
ROS might act as second
messengers activating Ca2+
channels, and there is increasing
evidence for this [15,16].
Comparison with the analogous
Rac GTPase-dependent assembly
and activation of NADPH oxidase in
phagocytes provides a framework
for understanding the molecular
basis of ROP function and reveals
similarities and differences
between animals and plants
(Figure 2). Phagocytes are
components of the innate immune
system which are able to engulf
microorganisms and kill them by
the release of microbicidal agents
such as ROS. Recognition of
microbial pathogens and
phagocytosis trigger the assembly
and activation of NADPH oxidase
(NOX2), a large enzyme complex
composed of the membrane-
bound heterodimeric cytochrome
b559 and the cytosolic proteins
p67phox, p47phox, p40phox and the
small GTPase Rac2 [17]. A crucial
step in this process is the activation
of Rac2 by dissociation from
RhoGDI followed by translocation
to the plasma membrane and
Rho-GEF-dependent guanine
exchange [18,19]. Activated Rac2
binds directly to p67phox and this
interaction is essential for NADPH
oxidase activity [20].
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R213While the overall scheme for
ROP/Rac-dependent activation of
NADPH oxidase leading to
localized release of ROS is similar
for animals and plants, the
molecular realization appears to be
markedly different. In addition to
the above-mentioned differences
between the small GTPases and
their regulators in plant and animal
cells, there are striking differences
in the structure and the
composition of the NADPH oxidase
complexes. The cytochrome b559
catalytic subunit of the plant
NADPH oxidase, Atrboh, in
contrast to its animal counterpart,
NOX2, has two EF-hand domains,
known in other contexts for their
ability to bind Ca2+ ions. Here,
a regulatory loop could be
envisioned, in which ROS triggers
Ca2+ influx, and the Ca2+ ions
in turn regulate the activity of
NADPH oxidase via binding to the
EF-hands. Additionally, phagocyte
NADPH oxidase activity is strictly
dependent on the presence of
p47phox and p67 phox, the latter
being the direct target of activated
Rac2. Homologues of these two
proteins have not been found in
plants; it therefore remains an open
question what the direct
downstream targets of ROP might
be, and how exactly assembly and
activation of NADPH oxidase is
accomplished in plants.
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